Introduction
Biodiversity in species as well as in structures has become an important issue in forest management. This is in line with the Convention on Biological Diversity (Anonymous, 2007) and is important for reasons of multi-functional forestry. However, ' the all-encompassing nature of biodiversity not only makes it an important concept but also an extremely nebulous one ' ( McElhinny et al. 2005 ) . In their review on the defi nition and measurement of forest and woodland structural complexity, McElhinny et al. (2005) conclude that at the stand level structural attributes are more promising surrogates for biodiversity than key species or groups of species. They present
Summary
Sampling procedures within stands for species and diversity indices have been widely discussed. However, little attention has been paid to the assessment of such indices within the framework of forest inventories on the management district level. This study deals with such an inventory comprising 245 angle counts in a 750-ha forest management district at the northern fringe of the Austrian Alps. To calculate spatially explicit indices, the nearest neighbours of the angle count in-trees have to be assessed. The distributions of the indices, their correlations and their ability to discriminate between different stand classes are discussed. It is concluded that these indices are meaningful, because they describe the species composition and the structure of the forest district in the expected way and differ signifi cantly and meaningfully among stand classes which have been classifi ed for silvicultural purposes. a large number of such stand structural attributes such as measures of abundance, richness, size variation and spatial variation of trees. Additional suggestions for quantifying forest structures by diversity indices are summarized by Pommerening (2002) . A great variety of different structural attributes is considered to provide the resources for a large variety of habitats for different species. So, e.g. Fuller et al. (2004) found different structural attributes to be correlated with different small mammal species. A similar result for the abundance of bird species was found by Shirley (2004) .
In forestry, sampling for diversity indices has been usually addressed at the stand level, i.e. sampling designs have been tested for their reliability and accuracy in describing the species or structural diversity of individual stands ( Füldner, 1995 ; Pommerening and Lewandowski, 1997 ; Pretzsch, 1997 ; Pommerening, 2002 ; Sterba and Zingg, 2006 ) .
Until recently, strategic forest management inventories targeted timber volume and increment for strata such as age classes or forest types. For this, they usually did not need information on individual stands and thus used grids that did not allow the description of individual stands. Angle count sampling has been widely used in these types of inventories. This study will therefore deal with the assessment of selected diversity measures in the framework of strategic inventories based on angel count sampling. On the one hand, the diversity measures should be effi ciently assessed, i.e. with a minimum of additional measurements, and on the other hand cover a wide range of different structural attributes, most important such that describe tree species diversity, variability in tree size and spatial variation.
The study will use the example of such an inventory in a forest management district, where clear cutting was already abandoned 40 years ago, and which is aiming in the long run for an individual tree selection system. The means and the distribution of the indices will be reported and interpreted in the context of this aim. Furthermore, the different indices will be tested for their correlations. If they are very strongly correlated, only one of them is needed. Of special interest is the correlation between spatially explicit and spatially inexplicit indices. From the small samples containing on average only about seven trees per angle count, it could be expected that the spatially explicit indices do not provide much additional information on the structure within an angle count sample. Finally, there will be a discussion if some of the indices are helpful in the context of silvicultural decisions. Since there are no standards available for the values the different indices should achieve, they will be tested for differences between different categories of stands as they have been assessed in the same inventory.
Materials and methods
A 750-ha forest management district was selected to illustrate the use of various diversity measures that may be constructed from angle count data. Clear cutting was abandoned 40 years ago in this district and gradually replaced by target diameter harvesting ( Reininger, 1987 ) . This is well refl ected by the age class distribution (age was determined from cores taken from one dominant conifer per angle count). In the majority of stands, the upper layer is already older than 120 years ( Figure 1 ) .
The management district lies in the western part of the northern fringe of the Austrian Alps, at a longitude of ~ 13° 35 ′ E and a latitude of ~ 47° 57 ′ N. Elevation is between 450 and 650 m a.s.l. The climate is the typically cool humid central European climate with a yearly precipitation of ~ 1500 mm and a mean annual temperature of 7.8°C. The natural forest type is the Spruce ( Picea ) -Fir ( Abies ) -Beech ( Fagus ) ecosystem with dominating beech if the bedrock is limestone.
In 2006, 245 plot centres were established in a square grid. On each of the plot centres, sample trees were selected by an angle count with a basal area factor (BAF) of 4 m 2 ha Ϫ 1 with Bitterlich's (1984) mirror relascope. In stands without a suffi ciently clear view to decide if a tree had to be included in the sample, the tree's diameter at breast height (d.b.h.) was measured to the nearest millimetre and its distance (dist) to the plot centre to the nearest centimetre. The tree was identifi ed as an in-tree if dist < 50 ⋅ d .b .h . / BAF . Each tree within this sample was assessed for species and d.b.h. to the nearest centimetre. Only trees with d.b.h. ≥ 6 cm were considered. For this study, only plots with at least two in-trees were used. The plots themselves were described for the age class of the dominant layer. Furthermore, by visual judgement on each plot a stand development stage, a forest mixture type, a regeneration type according to the regeneration mixture, a regeneration development class according to the height and coverage of the regeneration, and a browsing class were assessed ( Table 1 ) .
Regarding the choice of those stand structural attributes among the multitude of attributes and indices reported in the literature which should be investigated in this study, it has to be taken into account that they had to be estimated from angle counts within the framework of strategic inventories. In order to effi ciently provide estimates for stocking volume and growth, they usually consist of many, but small plots. In the case of this example, the design used consisted of 245 angle counts with BAF = 4 m 2 ha Ϫ 1 resulting in a standard error of the volume per hectare of ±4 per cent and of the current annual increment of ±5 per cent. For these estimates, it has not been necessary to measure the heights of all trees in the sample. A standard procedure in this kind of inventories is to measure the height of the median tree of each species in the sample and use standard height curves to estimate the height of the other trees in the sample ( Sterba et al. 1976 ) . In order to keep additional measurements for diversity indices to a minimum, it followed that only one nearest neighbour of each sample tree was measured. Therefore, those indices that relate to groups of more neighbours (dominance, uniform angel index, intermingling index according to Pommerening, 2002 ) and measures resulting from a spatial mark process cannot be evaluated from these data. Furthermore it has to be taken into Figure 1 . The species and age class distribution of the forest management district Kammer. Stand development class (1) Younger than 100 years; (2) older than 100 years, with insuffi cient regeneration; (3) older than 100 years, with suffi cient regeneration and (4) two or multi-layered stand Stand mixture type
(1) pure Norway spruce; (2) pure common beech; (3) spruce beech mixture; (4) spruce beech mixture with some fi r; (5) only broadleaves; (6) conifers with some broadleaves and (7) others Regeneration mixture type Categories (1 -7) as stand mixture types (see above) Regeneration development class
(1) No regeneration; (2) regeneration height <20 cm; (3) regeneration height between 20 and 60 cm; (4) regeneration height between 60 and 130 cm and (5) regeneration height >130 cm Regeneration coverage class (1) No regeneration; (2) regeneration covers less than 1/3 of the forest fl oor; (3) regeneration covers between 1/3 and 2/3 and (4) regeneration covers >2/3 of the forest fl oor Browsing class
Number of seedlings within a circle of 2 m radius are counted (1) No browsing; (2) tolerable browsing: three or more seedlings are not browsed and (3) not tolerable browsing: less than three seedlings are un-browsed account that with this kind of sampling, the number of trees within one sample was found to range from 2 to 17, on average seven trees per plot. Such a sample size is too small to estimate minimum and maximum d.b.h. or height with suffi cient accuracy. Therefore, the indices of Staudhammer and LeMay (2001) which relate the standard deviation to the variance of a uniform distribution and to that of a distribution which is maximally bimodal could not be provided by this kind of data, too. The small number of trees within one sample also prohibits the evaluation of more sophisticated parameters of the d.b.h. distribution.
Remembering that the majority of tree heights within one angle count were estimated by a model, indices which are based on tree heights can only be transformations of d.b.h.-based indices providing not much additional information. The same is true for indices using crown models (e.g. Maguire et al. 2007 ) , if the crown length and the crown profi le model only depend on the d.b.h.
Although quite a lot of work was done in developing, assessing and using many different structural attributes and indices from the tree layer and relating them to the diversity in other species, to silvicultural treatments and to habitats, there are only few studies that use the same attributes and indices (McElhinny et al. 2005) in order to provide generally accepted standards or targets for forest management. Therefore, indices which, from their mathematical concept, can be interpreted by themselves without any outside reference were preferred.
In order to calculate spatially explicit diversity indices, the nearest neighbour from each sample tree was determined, irrespective if it fell into the angle count sample or not. Thus, no further edge correction was necessary ( Pommerening and Stojan, 2006 ) . The distance to this nearest neighbour was measured to the nearest centimetre, its species was determined and its d.b.h. measured to the nearest centimetre.
The number of stems represented by the i th sample tree per hectare was calculated as Summing the numbers of stems and basal areas by species allowed proportions by species with respect to number of stems and basal area to be determined. From these, the Shannon Index ( Shannon and Weaver, 1949 ) With an increasing number of species, and for a given number of species with increasing similarity of the species proportions, the Shannon Index increases. Since in the investigated inventory only eight species have been distinguished, the last one being defi ned as ' others ' , the maximum Shannon Index that can theoretically be expected is ln(8) = 2.078.
The Gini Index ( Gini 1921 ) was calculated as an example of a spatially inexplicit index of forest structure. The Gini Index was obtained from the area under the Lorenz curve which in turn was derived by plotting the cumulative basal area proportions of the trees per hectare against the cumulative proportions of the number of stems per hectare, after sorting the sample trees according to ascending d.b.h.
The Gini Index is the percentage of the area between the Lorenz curve and the 45° line to the total area of the triangle under the 45° line. In stands where all trees have the same size, the Lorenz curve is identical with the 45° line. Thus, a Gini Index near zero indicates no dimensional differentiation, while an index near 100 per cent indicates the highest achievable differentiation.
The coeffi cient of variation and the skewness of the d.b.h. distribution were additionally calculated as spatially inexplicit structural diversity measures.
As an example of a spatially explicit species diversity measure, Pielou's Index of Segregation ( Pielou, 1961 ) was determined for Norway spruce ( Picea abies L. Karst.), silver fi r ( Abies alba Mill.) and common beech ( Fagus silvatica L.). For each sample tree of one of these species, the nearest neighbour is checked to see if it belongs to the same species. The respective Pielou Segregation Index is then calculated as Segregation number of observed mixed pairs number of expe = -1 c cted mixed pairs , where the number of pairs is weighted by the number of the stems per hectare of the respective sample trees. The number of expected mixed pairs is calculated under the assumption that the species of the nearest neighbour is independent of the species of the reference tree. For the algorithm to calculate the number of expected mixed pairs, see Pommerening (2002) . This Segregation Index is 0 if the species of the nearest neighbours is independent of the species of the sample trees.
It is 1 if the species are segregated and -1 if they are associated. In a plot with only one species, the Segregation Index is not defi ned, and thus in the following is treated as missing value.
As an example of a spatially explicit structural index, the Clark -Evans Index (Clark and Evans, 1954) where r i is the distance to the nearest neighbour of the i th sample tree and nrep i is the number of stems per hectare represented by the i th sample tree, z is the number of sample trees, i.e. the ' intrees ' in an angle count, and r exp is the expected mean distance to the nearest neighbour if the spatial distribution of the trees was random. CE is 1, if the spatial distribution is random, less than 1 if it is clustered and larger than 1 if it is regular. The other spatial explicit structural index used was a differentiation index similar to Füldner's (1995) 
Results

The general distribution of the indices
The Shannon Index ranges from 0 (only one species) to ~ 1.4. The number of species which gives the same Shannon Index with equally frequent species is exp(1.4) ~ 4. The respective quartiles ( Table 2 ) show that 50 per cent of the plots have a Shannon Index which corresponds to 1.5 to 2.5 equally frequent species.
The Pielou Indices of the three investigated species represent the full range ( -1 to +1), although 50 per cent of the plots have a nearly independent spatial distribution. While the spatial distribution is random in the vast majority of plots with silver fi r, Norway spruce and especially common beech are segregated in a considerable proportion of plots ( Figure 2 ). The spatially inexplicit structural indices exhibit a large variation from nearly no structural diversity to considerable diversity (e.g. coeffi cient of variation of the d.b.h. distribution from 2.1 per cent to ~ 120 per cent). D.b.h. distributions were moderately left-skewed to heavily right-skewed, the latter ones being typical for uneven-aged forests. The majority of the plots (75 per cent) exhibited a random to regular spatial distribution of the trees, while only few plots exhibited a typically clustered distribution (Clark -Evans Index << 1). The differentiation index varied over its whole range from 0 to 1; however, the distribution was bi-modal, exhibiting a second, although not too high peak at the very strongly differentiated neighbourhood (i.e. differentiation > 0.8).
The correlations between the indices
The two Shannon Indices are linearly and so highly correlated that calculating only one of these is suffi cient, because there is no additional information gained from the other ( Table 3 ). The same is true for the coeffi cient of variation and the Gini Index ( Table 4 ). The correlations between spatially explicit and spatially inexplicit indices, if at all signifi cant, are only barely so. The Gini Index and skewness and the Clark -Evans Index and the Differentiation Index are considerably correlated, but not strongly enough that they could replace each other. The three Pielou Indices are not signifi cantly correlated with either of the Shannon Indices. However, the Pielou Index of beech is signifi cantly correlated with the respective indices for spruce and fi r. This only means that in stands where one species is segregated, the other one or two species necessarily have to be segregated too. This is of course to be expected in forests with only few species.
Stand classifi cation and indices
Most of the indices differed among the stand classifi cations, although the respective variance explanations indicate that the classifi cation can in no case be replaced by the indices ( Table 5 ). The Shannon Index corresponded well with the assessed forest mixture type ( Figure 3 ) .
The Gini Index and the coeffi cient of variation indicated that the stands are more homogenous during the regeneration phase ( Table 6 ). This can also be shown from the indices of the regeneration development classes. The plots without any regeneration exhibit higher d.b.h. variation (c %) and non-spatial differentiation (Gini %) and are more right-skewed than the other regeneration development classes ( Table 7 ) .
The coeffi cient of variation and the Gini Index were not dependent on the height of the regeneration, but the skewness of the d.b.h. distribution seemed to increase with increasing regeneration height ( Table 7 ) .
Even more distinct are the structural differences of the tree layer as they relate to the regeneration coverage. Stands with a higher average Shannon Index (i.e. with higher species diversity in the tree layer) have higher regeneration coverage than the less diverse stands ( Table 7 ). The coeffi cient of variation, the Gini Index and the skewness show that the tree layer becomes more homogenous with increasing regeneration density, except for the very dense regenerations (coverage > 2/3) where the tree layer is more (non-spatially) structured. This probably occurs in these stands because part of the regeneration has already reached the minimum recording d.b.h., thus leading to a high variation and a stronger right-skewed form for the d.b.h. distribution.
The relationship between species and structural diversity and regeneration is also apparent from the Shannon Indices and the differentiation by stand development type. Stands with higher species diversity are more likely suffi ciently regenerated or two layered; only multi-layered stands are more differentiated ( Table 6 ) .
Finally, none of the evaluated indices correlated signifi cantly with the assessed browsing class. -0.487*** ***, signifi cant at P < 0.001; **, at P < 0.01; ns, not signifi cant.
Discussion
This study dealt with several spatially inexplicit indices (Shannon Index, coeffi cient of variation, Gini Index and skewness of the d.b.h. distribution) and some spatially explicit indices (Pielou Indices, Clark -Evans Index and Differentiation Index) to quantify species and structural diversity in strategic inventories. It was shown that the indices can be estimated from angle count samples if (1) the fact, that every in-tree represents a different number of trees per hectare is considered and (2) the nearest neighbours of the in-trees are assessed additionally, irrespective if they are intrees. Extending the information on spatial patterns through the assessment of more than only one neighbour per sample tree would allow for example to calculate Füldner's (1995) intermingling index which should correlate with the Pielou Indices and Gadow's et al. (1998) uniform angle index, which probably is (negatively) correlated with the Clark -Evans Index. There is no doubt that this is theoretically possible for angle counts, too, however, the inventory costs will increase considerably, and -given the square grid design of this kind of inventories -could result in a considerable proportion of neighbours of the sample trees which already are outside the stand in which the sample trees themselves are situated. For using Ripley's K function to characterize the spatial pattern in a stand, even more trees per plot will be necessary and thus its use in the context of strategic inventories is not recommendable. The accuracy achieved for one plot does not allow interpreting its indices as an estimate for a certain stand. However, the distribution of the indices in the management district, their correlations between each other and their differences by silviculturally interesting strata can well provide insights into the diversity of the investigated management district.
For the investigated district, the variation of the Shannon Index describes only moderate tree species diversity. This is typical for the central European Spruce -Fir -Beech -ecosystem, thus indicating R 2 is the ratio of the sum of squares between the classes and the total sum of squares. Bold and italic are signifi cant with P < 0.01, bold with P < 0.05 and italic with P < 0.10. that the tree species diversity in this district is quite near the expected natural forest ecosystem in that region. The species are most frequently spatially independently dispersed; however, with increasing proportions of beech and spruce, these two species tend to be segregated within the plots. The ClarkEvans Index indicated that the trees in the management district are mainly regularly distributed within the plots, with only a negligible proportion of the plots with a clustered tree distribution. The fact that none of the stand types exhibited significant differences of the Clark -Evans Index agrees with the fi ndings of Sterba and Zingg (2006) who found average Clark -Evans Indices of larger than 1 in all types of forests except in coppice forests. This investigation consisted of 20 Swiss stands managed according to the individual tree selection system, 29 even-aged and uneven-aged stands in Baden-Württemberg (Germany) and 8 Austrian stands, partially coppice and partially unevenaged stands. There Sterba and Zingg (2006) found signifi cant differences between the means of the coeffi cient of variation, the Gini Index, the skewness and the differentiation index of the individual tree selection system and the even aged management ( Table 8 ) .
Comparing these means with the means in the investigated forest district suggests that only the skewness and the Differentiation Index describe the investigated management district as being in transition between the selection system and an even-aged management. Mason et al. (2007) compared the spatial structure of semi-natural and plantation Scots pine ( Pinus silvestris L.) stands in Northern Scotland. They found that the semi-natural stands had a slightly higher Differentiation Index and a somewhat more rightskewed d.b.h. distribution than the plantation. This agrees with the results in Table 8 and could cautiously be understood as supporting the hypothesis that the individual tree selection system could be regarded as a semi-natural system. In Kint's (2005) pathways from pine stands without much regeneration via abiotic disturbances towards different broadleaf dominated stands with only few old pine trees, it is also the differentiation index which most consistently indicates this development, starting with differentiation indices of 0.25 -0.35 and ending with such of 0.36 -0.42. For the investigated forest district, it seems that only the skewness and the differentiation index are able to monitor the intended shift from evenaged management to the individual tree selection system.
Assessment of the correlations among the different indices indicates that most of them add new information on the diversity in the management district. Only the correlations between the two different Shannon Indices and between the Gini Index and the coeffi cient of variation of the d.b.h. distribution were suffi ciently high that there is no special need to evaluate both of them. Since the Gini Index -other than the coeffi cient of variation -has no defi ned value for random distribution ( Kokko et al. 1999 ), the latter one should be preferred. The fact that the skewness is signifi cantly, but not very strongly correlated with the Gini Index and the coeffi cient of variation, might be understood as an empirical support of Kokko's et al. (1999) hint that skewness is not a measure of inequality (diversity). Distinctly right-skewed d.b.h. distributions are an indicator for uneven-aged management with the individual tree selection system. Since -due to the given minimum recording d.b.h. -the distribution in very young but even-aged stands may also exhibit a typically right-skewed distribution, the combination of the coeffi cient of variation and the skewness together may help to distinguish between these two stand types. Weiner et al. (2001) discuss the relationships between competition, size variation and spatial pattern of plants. From a simulation model they conclude that ' neither their results nor the available empirical data support the great emphasis that some theoreticians have placed on the role of smallscale spatial pattern in generating size inequality among competing plants ' . The weak correlations between the spatially explicit and the respective spatially inexplicit indices in our study on the one hand agree with this statement, and on the other hand indicate that in spite of the small sample size, the additional assessment of the nearest neighbours delivers additional information on stand structure.
Several of the correlations of the indices with the different stand classifi cations in this inventory were signifi cant, although weak. The relationships found between regeneration classes and the structural diversity indices ( Table 7 ) agree with the fi ndings of Bagnaresi et al. (2002) , who found in stands in the eastern Alps that natural regeneration is more abundant in structurally diverse stands resulting from individual tree uneven-aged management. However, the information gained from them, especially with regard to the natural regeneration, is valuable and can help in silvicultural decisions and the predictions of regeneration success.
Conclusions
The indices of species and structural diversity investigated are meaningful because they (1) describe the species composition and the structure of the forest district in the expected way and (2) differ signifi cantly between classes of stands which have been assessed by ocular inspection in a way that may help in silvicultural decisions. When the nearest neighbours of the sample trees in angle counts are assessed irrespective of being part of the sample or not, the spatially explicit indices can be derived in angle count-based inventories with only little additional fi eld work. They were signifi cantly, but weakly, correlated with the non-spatial indices investigated and therefore are expected to provide additional information. 
